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TSTAILED KINETIC MODELING OF AUTOIGNITION CHEMISTRY

Charles K. Westbrook and William J. Pitz
Lawrence Livermore National Laboratory, Livermore, California 94550

Abstract:

The development of detailed chemical kinetic reaction mechanisms for
analysis of autoignition and knocking of hydrocarbon fuels is described.
In particular, kinetic processes of concern for the oxidation of complex
hydrocarbon fuel molecules are emphasized. The wide ranges of temperature
and pressure which are encountered by end gases in automobile engine
combustion chambers result in extreme demands on reaction mechanisms which
are intended to describe knocking conditions and predict rates of
combustion and ignition. The reactions and chemical species which are
most important in each temperature and pressure regime are discussed, and
the validation of these reaction mechanisms through comparison with
idealized experimental results is described.
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KINETIC MODELS OF AUTOIGNITION have beén used in recent years'to assist in
the understanding of the chemical processes which take place i1n the |
combustion chamber of an internal combustion engine. In particu]ar,'
autoignition plays a large role in the problem of engine knock. The
degree of kinet}c sophistication can vary widely from one model to
another, depending on the way in which that model is intended to be
integrated into the overall description of the engine combustion problem
and on the amount of kinetic information which is available for the
specific hydrocarbon fuels being considered.

In the past, perhaps the most fruitful type of kinetics modeling for
autoignition and engine knock has followed the approach of the so-called
Shell Model [1-3], which used a type of generalized reaction mechanism.
The major kinetic processes in the Shell Model are all based on actual
reactions observed in the lower temperature oxidation of hydrocarbon
fuels. Most important, the principal chain branching mechanism in the
Shell Model involves the addition of mo]eculaé oxygen to the (alkyl)
radical, followed by degenerate chain branching and Tleading to a thermal
explosion. Other important steps include internal H atom abstraction
(alkyl peroxy isomerization), and formation of dfhydroperoxy radicals. In
all of these cases, the production of OH radicals is a very important
output quantity. The Shell Model and others based upon it [e.g. 4,5] have
been very successful in many cases at helping to descr1bg the dependence

of engine knock on engine operating parameters.
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A parallel development effort over the past several years [6-9] has
emphasized a more detailed chemical kinetic modeling approach than that
included in the Shell Model. ATthough more costly in terms of development
time and requiring more powerful computational resources, these detailed
models promise an improved ability to treat such effects as fuel molecular
structure, mixtures of fuels, and the use of fueT additives. In the Shell
Model, the global or representative reactions have rates which have to be
adjusted for each fuel to be analyzed, a process which requires extensive
experimental testing of each fuel. In contrast, a detailed kinetic model
must use reaction rate data which are more fundamentally based than those
in a more global model. In addition, these models must be orders of
magnitude larger and more complex than global models. The current
research which is being carried out in moving towards such a goal is

described in this paper, along with some of the accomplishments of this

type of approach.
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OVERALL END GAS HISTORY

A typical engine cycle begins when unburﬁed fuel and air are
introduced into the combustion chamber. This charge is compressed by the
piston and spark-ignited at a time usually close to top-dead-center
(TDC). A flame then begins to propagate across the chamber, steadily
converting fuel and air to combustion products. Tﬁe gase; which have not
yet been consumed (the "end gases”) are not chemically inert during this
time interval; they are reacting steadily but at rather low rates. Under
normal operation, the end gases are consumed by the flame propagating
through the engine chamber. However, under extreme conditions of high
pressure and/or temperature, it 1s possible for these end gases to
autoignite spontaneously prior to the arrival of the flame. When
autoignition produces a sufficiently rapid pressure rise and involves a
significant fraction of the end gas, engine knock results. The objective

of the present study is to identify the chemical kinetic mechanisms which

lead to autoignition.

Temperature History

During the combustion of the fuel-air mixture in a typical spark
ignition engine, the unburned portion of the charge is subjected to a
considerable increase in pressure and temperature as a result of |
compression, both by the engine piston and by the expansjon of the burned
product gases. As a result, the kinetic pathways which control the rate
of reaction can also change drastically. Three temperature regimes can be
defined which cover the temperature history of the end gas. The chemical
kinetic features of each of these regimes will be discussed later in this

paper. The first kinetic regime encountered by the end gas is at Tow
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temperature. At the time when the intake valve opens, the unburned
mixture is at approximately atmospheric temperature and pressure. As the
end gas is compressed by the piston, it spends a large fraction of its )
time in the temperature range from 450 K to about 800 K; at low engine
speeds, the end gases may be in this range for as long as 70 ms [7-9].
Although the overall rate of combustion is quite slow in this temperature
range, the residence time is long enough for some fuel consumption and
heat release to occur.

As the temperature of the end gas increases above about 800 - 850 K,
the dominant kinetic paths change markedly. At the lower temperatures,
the overall reaction takes place primarily through the formation of
various alkylperoxy radicals via addition of molecular oxygen to alkyl
radicals, followed by production of alkyl hydroperoxides which then
decompose to produce OH radicals and various oxygenated hydrocarbon
species. At higher temperatures, however, the alkylperoxy radicals become
unstable, resulting in a region of negative temperature coefficient, and
the lower temperature reaction paths are no longer observed. Instead, the
combustion becomes controlled by the reactions of the hydroperoxyl rgdica1
and hydrogen peroxide.

As the temperature increases further to values above about 1100-1200K,
the dominant reaction path changes again, being controlled by the
production of H atoms which then react with molecular oxygen to produce
both oxygen atoms and OH radicals. The crossover into the highest
temperature regime, where H atom kinetics replace HO2 kinetics, is
influenced by the system pressure as well as the temperature. At the

relatively high pressures encountered in the end gases of internal
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combustion engines, this transition regime is found around 1200 K as
already noted, but at atmospheric pressure 1t is seen to occur at about
1000 K.

The problem of modeling the chemical kinetics of end gas autoignition
is considerably more difficult than modeling the kinetics of most other
types of experiments because the end gases spend significant fractions of
their time i1n all of these temperature regimes, and the kinetic model must
be able to describe all of the important reaction paths and rates in each
regime. As we will discuss below, high accuracy is required of the
predictions, particularly with regard to heat release rates during the
Tower temperature ranges.

The time history of the end gas temperature is illustrated
;chematica11y in Fig. 1 as a function of engine crank angle (or time).
These curves are based on earlier exberimental and modeling work in which
the end gas temperatures were either measured directly or calculated from
the engine pressure history [7-9]. The solid chrve shows the temperature
for a case where knock does not occur, since the flame arrival takes place
before the onset of.autoignition. The dashed curve shows the temperature
for a case in which knock is observed, ﬁhere the ignition occurs before
the time of flame arrival. In this {illustration, the two cases are
assumed to ignite at effectively the same temperature Ty; a
considerable body of experimental evidence [7,10] suggesys that the
autoignition temperature is a relatively weak function of engine operating
conditions, and kinetic reasons supporting this point will be presented
later. In Fig. 1 it is apparent that the difference between the two cases
(i.e. knocking vs. non-knocking) is the result of an accumulated

difference in the rates of heat release over the entire end gas history.
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further point is that the differences in temperature between the two
curves are quite modest; an estimate of a +30K temperature differential
is shown in Fig. 1. This small temperature differential causes the case
with the dashed curve to reach the ignition temperature T; at an earlier
time than the case shown by the solid curve, and thus the former case
exhibits knocking.

We will return to Fig. 1 in the discussions to follow. For the
present, in terms of the discussion of the various temperature regimes
outlined above, it should be apparent that any numerical model of the
chemical kinetics of the end gas oxidation must be able to predict small
amounts of heat release over an extended range of end gas temper;tures, a

range that covers all of the kinetic pathways to be described in detail

below.

Fuel Structure

Another significant degree of difficulty in modeling the autoignition
of typical hydrocarbon fuels under knocking conditions is due to the
actual composition of the fuel itself. Conventional automotive fuel is
usually a complex mixture of different constituents, including saturated
and unsaturated straight and branched chain species as well as aromatic
and other types of molecular structures. Very few of these species have
been described by detailed chemical kinetic reaction mechanisms in any of
the temperature and pressure regimes which are important for knock.

Three sets of examples will be used to illustrate the descriptions to
follow. In Fig. 2 are shown two isomeric forms of octane, the straight
chain molecule n-octane and the branched chain form, iso-octane, also

referred to as 2-2-4 trimethyl pentane. For reasons which will become
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clear very shortly, the H atoms in the n-octane figure have been indicated
by numerals 1 through 4. For similar reasons, the H atoms in iso-octane
are denoted by the letters a, b, ¢, and d: Both fuels have the same
numbers of C and H atoms, both have very nearly the same heat of reaction,
and the burning velocities of flames through mixtures of both fuels with
air are very similar. However, the autoignition properties of the two
fuels are dramatically different. The octane number of a given fuel is a
measure of its autoignition rate and tendency to knock under engine
conditions, with a large number indicating good resistance to knock and a
small number indicating a tendency to knock. Iso-octane is very
knock-resistant; its octane number is equal to 100, and iso-octane is
used to define this point on the octane scale. 0On the other hand,
n-octane has a very high knock tendency, with an octane number less than
zero (the smaller fuel n-heptane has, again by definition, an octane
number of exactly zero, and n-octane is slightly more prone to knock than
is n-heptane). Therefore, the vast difference in knocking tendency for
these fuels can be attributed only to the differences in the structure of ‘
the two molecules. Octane ratings in this study are taken from several
sources [11,12].

The same type of structural differences can be seen in Fig. 3 for the
two isomeric forms of butane, the straight chain form n-butane, and the
branched iso-butane. While there are many isomers of octane (with only
two of them shown in Fig. 2), these are the only two form§ for butane, and
the effects of structure can be studied even more directly. Aéain, the
flame temperatures and burning velocities for thé two fuels are very
similar. The differences in octane number and autoignition rate are not

as great as for the octanes, but the differences are still significant.



-9-
The octane number for iso-butane is 100 (defined as the average of the
research and motored octane numbers), while that of n-butane is 92, and
recent detailed experimental analysis [7,8] has shown that significantly
higher inlet manifold temperatures and pressures are required to make
iso-butane knock than those required for n-butane in a particular test
engine at a fixed engine speed and compression ratio.

The third example is given in Fig. 4, in which five different isomeric
forms of hexane are shown schematically, along with the related ring
compound cyclohexane. Again, the_f1ame temperatures and burning
velocities are all nearly the same, while the octane numbers for the six

compounds are shown in Table 1.

Fuel Octane number
1 n-hexane 25
2 2-methyl pentane 73
3 3-methyl pentane 74
4 2-2 dimethyl butane 92
5 2-3 dimethyl butane 99
6 cyclohexane 80
7 n-butane 92
8 iso-butane 100
9 n-octane <0
10  iso-octane 100
11 n-pentane 62
12  n-heptane 0

Table 1. Octane numbers for sample fuels
It is clear that structural factors can have a very large influence on the
autoignition properties for these fuels. '

Although not illustrated in Figs. 2-4, another factor which can have a
comparable influence on autoignition and knock is the absolute size of the
fuel molecule. For straight-chain hydrocarbons from n-butane to n-octane,
the octane numbers are 92, 62, 25, 0, and less than zero, respectively,

with comparable trends for branched-chain paraffins as well.
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The kinetic modeling approaches described in this paper show how many
of these problems are being addressed at the present time. The important
kinetic steps in each temperature regime are discussed in detail, with
examples of each type of reaction for a variety of hydrocarbon fuels.
Methods are described for identifying the major reaction paths in each
temperature regime and for different types of fuel molecules, in those
cases where specific experimental kinetic data are not available.

Rational techniques for estimating rates of different types of reactions

are also discussed.

CONCEPT OF COMPREHENSIVE MECHANISMS

Detailed kinetic modeis are most often used to simulate experimental
results in a single type of experiment, over a very limited range of
temperature and pressure. It is often possible to make certain
mechanistic simplifications and other assumptions for this type of
modeling effort, assumptions which would be valid only for a limited range
of operating conditions. However, when the reacting gases follow a
complex and extended pressure and temperature history, this type of
simplification 1s no longer possibile.

To some extent, any chemical kinetic reaction mechanism is an attempt
to simulate the actual reaction history of the reacting gas sample. When
these reacting gases encounter a wide range of operating,conditions, a
great demand is made on the reaction mechanism. Some time ago, Westbrook
and Dryer outlined the properties of a so-called “comprehensive" reaction
mechanism [13,14], which would be valid over such ranges of operating
conditions. The basic idea was that the reaction mechanism should be

tested over the entire range of conditions of interest, using experimental
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data from a variety of separate experiments under disparate conditions.
This means that mechanistic simplifications which are valid only within a
limited range of conditions cannot be made.

An additional element essential in the construction of comprehensive
reaction mechanisms is that they are built in a definite “stepwise"
manner, Mechanisms for complex hydrocarbon fuels are based on previous
mechanisms for simpler, smaller fuel molecules. The smallest, most
fundamental block in this construction is the reaction mechanism for
oxidation of Hp and CO. The next logical step is the mechanism for
CH20, followed by those for methane (CH4) and methanol (CH30H),
continuing on to successively larger fuels. Comprehensive mechanisms have
been developed for a considerable number of hydrocarbon fuels [15-19] as
large as n-butane.

' The modeling of combustion in an internal combustion engine, and in
particular the process of autoignition that leads to engine knock,
requires a comprehensive reaction mechanism that is even more general than
any which has been developed to date. A1l of the previous such mechanisms
considered combustion problems at temperatures above about 900K, using
experimental data from such environments as shock tubes, laminar flames,
the turbulent flow reactor, and high temperature stirred reactors.
Reactions and products which were important at lower temperatures but
which had no importance at 900K and above were therefore not included in
these previous models. However, as we will discuss elseﬁhere'in this
paper, oxidation processes at lower temperatures, as low as 500K, play an
important role in the autoignition and engine knock problem and must be
considered. In fact, the dominant reaction steps between 500 and 800 K

are distinctly different from those which are important at higher
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temperatures and require entirely different elementary reactions and
species to be included. Therefore, the reaction mechanisms developed for
these problems must be valid for temperatures from 500K to the high
temperature ignition levels of 1500K or more. As we will also discuss,
the high pressures encountered in engine chambers also add to the
constraints placed on the reaction mechanisms to be developed.

Finally, the fuel molecules which we would 1ike to consider in a study
of engine knock are considerably larger and structurally more complex than
those which have been examined in earlier comprehensive reaction
mechanisms. In particular, reaction mechanisms for the ignition of fuels
such as n-heptane and iso-octane, the primary reference fuels for knock
rating of hydrocarbon fuels in automotive engines, are extremely
desireable. The steps required to develop mechanisms for these larger
fuels are described below.

Therefore, the present type of modeling approach represents a
generalization of the concept of a comprehensive reaction mechanism in
that it extends the temperature range of validity to much lower values and
to much more complex fuels than were treated previously. This work on
development of reaction mechanisms 1s currently in progress, but the
results already obtained have been very instructive and informative.

In the next section,'reaction mechanisms for the higher temperature
ranges are examined, followed by the complications which.begin to appear

as the temperature is steadily reduced.
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HIGH AND INTERMEDIATE TEMPERATURE IGNITION

Chain Branching Mechanisms

At temperatures in excess of about 1100-1200K, the ignition and
combustion of typical hydrocarbon fuels is conceptually quite simple.
Following a brief initiation period during which a free radical pool is
established, the fuel molecule is systematically broken down into smaller
fragments. The principal types of reactions responsible for this fuel
consumption process are H atom abstractions from the fuel and other
intermediate species, and thermal decomposition reactions of the larger
hydrocarbon radicals which are produced. Once the larger fuel and
intermediate hydrocarbon species have been converted to CO and Hp, these
intermediates are rapidly oxidized to €0, and Hp0, releasing a large
amount of thermal energy, raising the temperature and pressure of the
reacting gas mixture, and effectively completing the overall reaction.

In this high temperature regime, the chain branching features of the
combustion reaction mechanism are dominated by the single reaction

H+0s = 0+ 0H
which consumes one H atom and produces two radical species which then
accelerate the overall fuel consumption process. This reaction has a
fairly high activation energy of about 17 kcal/mole [20], so it requires a
high temperature to proceed rapidly. A second reaction

H+00+M = HOp + M
can under some conditions compete effectively with the chain branching
reaction, thereby reducing the overall rate of reaction. This
recombination reaction is clearly pressure dependent; in addition, its
rate has very little temperature dependence. Therefore, as the reacting

gas temperature is decreased to about 1000K, or as the pressure is
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increased significantly, this second reaction competes for the available H
atoms and tends to reduce the overall rate of oxidation.

At temperatures in excess of 1100-1200K, where the H+0p = 0+0H chain
branching reaction is the dominant reaction, the overall rate of reaction
and ignition fs very fast, compared with the typical residence times in
the engine chamber. That is, once the end gas temperatures have reached
the point where this high temperature ignition process is important, the
attainment of ignition can be considered to be essentially instantaneous.
In earlier modeling studies [6,21], we have shown that the autoignition
process occurs on a time scale shorter than a millisecond when the gas
temperature is greater than 1100K.

When the end gas temperatures fall below ébout 1100K, the reaction

" H+0y = 0+ OH |

becomes much less important than the recombination reaction

H+0p+M = HOp + M
.This transition is emphasized by the high pressures (greater than 20 atm)
which are encountered in the combustion chamber of a typical automotive
engine. As the H+02 branching reaction becomes less important, another
cycle of re;ctions becomes responsible for the majority of the chain
branching which is observed in the engine chamber. This sequence of
reactions which leads to chain branching is dominated by

fuel + HOp = alkyl + Ho02

alkyl + 02 = olefin + HOp

HoO2 + M = QOH + OH + M
which essentially converts one HO2 radical to two OH radicals [6]. The
HO2 radical is also regeﬁerated, making this a very efficient chain

branching sequence.
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This HO2 sequence requires a sufficiently high temperature to
dissociate the Hy02 molecule. However, as the temperature increases
further, two factors combine to reduce its influence. First, at higher
temperatures, the competing reaction

H+ 0, = 0+ OH
becomes important. Second, as the temperature increasés. the alkyl
radicals are consumed primarily by thermal decomposition, often yielding H
atoms, as in the examples

CoHg + M = CoHg + H + M

iC3H7 = (C3Hg + H
HCO + M= H+ CO + M
tCqHg = H + iC4lg

Therefore, there is a fairly narrow range of temperatures over which the
temperature is high enough to dissociate Hp02 and still low enough

that the H+02 = 0+0H reaction and the alkyl radical decomposition
reactions are unimportant.

This temperature regime, where the H02-Hp02 reactions are most
important, is the temperature range in which typical end gases tend to
autoignite. Under most practical engine conditions, the end gases ignite
at temperatures between 850K and 1100K, exactly the range over which the
HO2-Hp07 reactions dominate. Our previous work [6] has shown that
antiknock additives such as tetra-ethyl lead (TEL) almost certainly act
within this same temperature range by removing HO2 and/or'Hzoz from
the chain branching reaction sequence through catalytic heterogeneous

reactions on the surfaces of solid Tead oxide particles.



Detailed Reaction Paths

In this section, we discuss the specific sequences of reactions which
consume hydrocarbon fuels at intermediate and high temperature
conditions. The first type of reaction is that of the unimolecular
decomposition of the fuel molecule itself. This type of reaction is
necessary in some situations such as shock tubes and detonations to
fnitiate the overall combustion and provide the first supply of radical
species which can then carry out the bulk of the overall combustion
process. For relatively large hydrocarbon fuel molecules, such as for
Cs fuels and larger, the decomposition reaction actually consumes an
appreciable fraction (i.e. more than 5%) of the fuel. For smaller
hydrocarbon fuels, these reactions have been extensively studied, both
experimentally and theoretically, the rates of decomposition have been
measured and the identities of the product species have been determined.
In the case of methane, a C-H bond must be broken, with a bond energy of
approximately 104 kcal/mole. For the vast majority of other hydrocarboh
fuels, and for all of the fuels which are discussed in the present work, a
C-C bond is broken, with a bond energy approximately 10 - 15 kcal/mole"
less than that for a comparable C-H bond. It is generally observed that
when a large fuel molecule decomposes, the products formed are most often
as nearly comparable in size as poésible. Thus, for n-butane, CoHg +
CoHg are the most likely products, rather than nC3H; + CH3, and
the products of iso-butane decomposition are iC3H7 + CH3;

Similarly, for n-octane, the most 1ikely products would be 1-C4Hg +
1-C4Hlg and 1-CgHqp + nC3H7. For iso-octane the most probable
products are t-CgHg + i-C4Hg and neo-CgHij + iC3H7. These
observations, together with the analogous steps for the paraffinic

hexanes, are summarized in Table 2.



nCqH1g CoHg + Colig

iCqH10
nCgiig = nCqHg + pCyHg
tCqHg + 1CqHg

nC3Hy + CH3

iCgH1g

nCeH14 pC3H7 + nC3Hy

2-methyl pentane

nC3H7 + iC3Hy

3-methyl pentane CoHg + sCqHg

2-2 dimethy1 butane tCqHg + CoHg

2-3 dimethyl butane iC3H7 + C3Hy
Table 2

Products of thermal decomposition reactions of typical fuels

The radical pool is rapidly established after the initiation steps
have proceeded to some extent. Once there are a significant number of
radical species, the most important reactions are H atom abstractions from
the fuel molecules. The most important species which participate in such
reactions are OH, 0, H, CH3, HOp, and other lesser reactants.

The rates of H atom abstraction reactions have been studied in detail
for a relatively small number of hydrocarbon fuels. In particular, as the
size of the fuel molecule becomes larger, it also become§ important to be
able to distinguish between rates of abstraction of H atoms from different
bonding sites in the fuel molecule. For example, referring to the two
isomeric forms of octane in Fig. 2, all of the H atoms indicated by the

numeral 'l' in n-octane are bonded to primary sites, while those indicated
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by 2, 3, and 4 are bonded to secondary sites. The primary H atoms are
more firmly bonded to the molecule and therefore require a greater amount
of energy for them to be removed. The binding energies of all of the
secondary H atoms are very nearly the same in n-octane, but it is stilil
necessary to account separately for each logically distinguishable H atom
site in the molecule because the subsequent history of each of the
products may be different, as we will show below. The same type of
distinctions can be seen in the case of iso-octane in Fig. 2. The H atoms
indicated by the letter 'a' are all logically equivalent, bonded at
primary sites to the methyl groups at one end of the molecule. Those"
marked 'd' are also bound to primary sites, but they are located at the
other end of the molecule; removal of an 'a' H atom will lead to
different products than abstraction of a 'd* H atom.- The H atoms marked
by a 'b' are attached to secondary sites, and the H atom marked by 'c’' is
at a tertiary site, where it is the most weakly bound H atom in
iso-octane. | '

The reactions of the product alkyl radicals generally consist of
either a unimolecular decomposition reaction or a reaction with molecular
oxygen. At intermediate and high temperatures the decompostion reaction
tends to dominate. A considerable body of modeling and theoretical
literature in recent years [14,22] has demonstrated that the thermal
decomposition steps can be predicted very well by using @he principle of
g-scission. Of primary importance in predicting the overall reaction rate
for a given fuel in this temperature regime is the nature of the products
of these alkyl radical decomposition reactions. Those reaction steps

which lead to H atoms generally lead to an accelerated rate of reaction,

since the H atoms then react by



H+0p = 0+ OH
and Tead to chain branching, while reaction paths which lead to more
stable products, pérticu]ar]y methyl radicals, generally lead to a much
sTower overall rate of reaction. Reactions of alkyl radicals with 0p at
intermediate and high temperatures generally Tead to a reduced rate of
reaction since the H02 radicals are less reactive than the H atoms
produced by alkyl radical decomposition reactions.

The significance of the differently labeled H atoms in Fig. 2 can then
be shown by determining which H atom abstraction reactions lead eventually
to H atom production and which do not. In the case of n-octane, if we
indicate by 1-CgHi7 that alkyl radical which results when the '1' H
atom is abstracted, and similarly for 2-CgHy7, 3-CgHy7 and
4-CgH17, then the principle of B-scission predicts the following
families of decomposition products:

1-CgHy7 = CpHg + CoHg + CoHg + CoHg + H
7 2 2Hg + CaHg + CoHy

2-CgH17 = C3Hg + CoHg + CoHgq + CH3
3-CgH17 = 1C4Hg + CoHgq + CoHg + H
4-CgHy7 = 1CsHig + CoHgq + CH3

Therefore production of H atoms and subsequent chain branching result from
the abstraction of the '1' and '3' H atoms from n-octane, while
abstraction of the '2' and '4' H atoms leads to production of stable
olefins and relatively unreactive methyl radica1s; wh1ch'slow the overall
rate of reaction. '

The same type of analysis is straightforwardly applied to the other
fuels indicated in Table I. In particular, for iso-octane, using the same

type of alkyl radical definition as that used for n-octane in Fig. 2:



‘a-CgHy7 iCqHg + C3Hg + CH3
b-CgHy7 = CHy4 + CH3
c-CgHy7 = 1CqHg + iCqHg + H

C3lig + CH3

+

d-CgH17 = 1CgHg
where two structurally different heptene molecules are possible. In this
case, only the abstraction of the tertiary H atom in iso-octane leads to
the production of H atoms and high temperature chain branching; all of
the other 17 H atom sites lead to production of stable intermediates and
methyl radicals. As a result of this type of analysis, it is clear that
the high temperature ignition of n-octane should be much more rapid than
that of iso-octane.

This type of modeling analysis has been applied recently to ignition
of large fuels behind shoék waves [23-25] and for high temperature
well-stirred reactors [26], where the high temperature reaction mechanism
is of primary importance. A1l of the init{iation and fuel composition
reactions already described above occur at high rates and determine the ]
overall rate of reaction. This overall analysis has been greatly
simplified, emphasizing only the most dominant features of the high and
interﬁediate temperature kinetics mechanisms. Many additional features
can play significant roles, and these further details are discussed in
detail in a number of previous publications [14,27,28].

In many cases, the rate of high temperature 1gnit10n.correlates well
with the octane number. For example, the octane number of iso-octane,
which we have seen ignites very slowly at high temperatures, has the very
high octane number of 100, while the octane number for n-octane is very

Tow, actually less than zero. There are many other examples of this type

of overall correlation between the rate of high temperature and the octane
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number. However, there are also a large number of cases in which this
agreement breaks down. As an example of this type of problem, we can
consider the cases of neopentane and 2-2-dimethyl butane. The structures
of these fuels are summarized in Fig. 5. If we follow the product
distributions of the alkyl radical decomposition reactions, it is clear
that all twelve of the H atom abstraction possibilities in neopentane lead
to methyl radicals and iso-butane. Therefore the high temperature
ignition of this fuel should be very slow. Furthermore, the knock
resistance and octane number of neopentane are very high, with an octane
rating of 90. The second fuel shown in Fig. § is 2-2-dimethyl butane,
which is really equivalent to neopentane with a methyl group replaced by
an ethyl radical. Of its 14 H atoms, abstraction of 12 of them leads to H
atom production and high temperature chain branching. As a result, the
high temperature ignition of this fuel would be expected to be very
rapid. However, the octane number of this fuel is very high, with a value
of 97, even higher than the value of 90 observed for neopentane.

There are many other examples of this lack of correlation between the
rate of H atom production and high temperature ignition rate with the
octane number. The immediate conclusion is that the octane number and
knock susceptibility are not determined by the high temperature reaction
mechanisms alone. In the next section, the chemical reactions which

control the rate of combustion at lower temperatures will be described.



EXTENSIONS TO LOW TEMPERATURE
Below temperatures of about 800 K, alkyl radicals produced by H atom

abstraction reactions from the fuel molecule thermal]y decompose at a
relatively slow rate. These radicals instead react with 02 to produce
alkylperoxy radicals which then react in a variety of ways:

R + 02 = ROp* = olefin + HOp

= RO2
=R + 07

The simplest result of such reactions is the production of an olefin
species and HO2 radicals. The detailed mechanism of this process has
bgen investigated in depth by Slagle et. al. [29] and Baldwin and Walker
[30]. The alkyl peroxy radical, ROz, can also react with the fuel or
can undergo an internal H-atom abstraction, both of which lead to the
formation of hydroperoxides, ROOH and QOOH,

RO7 + R'H = R' + ROOH

- or RO2 = QOOH

where R'H is the fuel, and the species d is the radical species R minus
one H atom. Both hydroperoxides can decompose to form OH radicals,

ROOH = RO + OH

QOOH = 0-heterocycle + OH
but ROOH produces two radicals and QOOH produces only one radical. The
hydroperoxide radical QOOH can also undergo further reacgion with

molecular oxygen and yield two OH radicals and the radical Q'0,



QOOH + 02 = 02Q00H
02Q00R = aldehyde + Q'0 + OH +QH

In summary, if the alkyl radical R eventually produces the alkyl
hydroperoxide ROQH, three radicals, R', RO and OH, are produced and one R
radical is consumed. The amount of radical multiplication for this
reactiom sequence is a factor of 3. If the R radical follows the path of
the hydroperoxide radical QOOH, either one OH radical is produced or three
radicals (Q'0, OH, and OH) are produced. The amount of radical
multiplication for this reaction sequence is either 1 or 3, respectively.

A11 the above reaction sequences produce an abundant amount of OH
radicals. Production of OH radicals is a key feature of the low
temperature kinetic mechanism since OH predominantly then reacts with the
fuel, producing water and releasing a significant amount of heat:

RH + OH = R + Ho0 + 23 kcal/mole
This heat release increases the temperature of the end gas. As discussed
~in a previous section, a small amount of heat release at low temperatures
will cause the end gas to achieve high temperature ignition at an earlier
time in the cycle (Fig. 1). If the end gas autoignites before it is
consumed by the flame, engine knock will result.

For alkyl peroxy radicals (RO2) which have about four or more carbon
atoms, the path involving an internal H-atom abstraction is dominant
[30]. We will now describe specifically how we have treated these
reaction paths and estimated their reaction rates. '

Internal H-atom abstractions occur by the formation of a ring-1ike
transition state. Different types of internal H-atom transfers are

identified by the number of carbon and oxygen atoms in the ring-like
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structure. The letters p, s, and t for primary, secondafy and tertiary,
respectively, signify the type of H-atom transfgrred [31]. An example of a
1,5p H-atom transfer in a s-butyl peroxy radical is:

0- : OH
H 0 H H H 0 H .
HC-C-C-CH=HC-C-C-CH
H K H H H H H X

Rates for internal H-atom transfer depend on the number of atoms in
ring-1ike transition state, the type of H-atom being abstracted;.and the
number of H-atoms that are accessible for abstraction. Baldwin, Walker and
coworkers [31,32] have estimated reaction rates for most of the important
types of internal H-atom abstractions. They determined rates at 753 K and
estimated activation energies. A tabulation of their rate information is
given in Table 3 where the reaction rate expressions are the rate per
H-atom abstracted. To obtain the rate for a given molecule, the frequency
factor A needs to be mu1fip11ed by the number of possible H-atoms that can
be abstracted for a type of particular ring. For example, if one is
considering a 1,4p H-atom abstraction and there are 3 primary H-atoms that
can be abstracted for this ring size, one would multiply the rate given in
Table 3 by a factor of 3. To determine the reaction rates in Table 3 from
their experimental data, Baldwin and Walker required the value of the
equilibrium constant for the addition reaction of 02 to the alkyl
radical. We have recalculated the rates for the internal H-atom
abstractions using more recent values for this equ111briuﬁ constant.
Slagle and Gutman [33] have recently measured the equilibrium constant for

iC3H7 + 02 = iC3H702
We have employed their measured value to estimate the equilibrium constant
for R+02=R02 when R is a secondary or primary radical. The equilibrium

constants used by Baldwin and Walker were calculated using Benson's
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additivity rules [34]. The use of Slagle and Gutman's value for this
equilibrium constant decreased the isomerization rates given in Table 3 by
approximately an order of magnitude from those originally reported by
Baldwin and Walker. For the case of a tertiary alkyl radical, the
equilibrium constant estimated by Morgan et al. [35] for t-butyl radicals
was employed.

In the following discussion, we address the specific case of RO
radicals formed from iso-octane and their internal H-atom abstractions.
Iso-octane is a particularly instructive case, since it exhibits most of
the possible types of internal H-atom abstractions. We will estimate the
reaction rates and examine reaction paths of the ROy radicals and
subsequent products for this case.

TabTe 4 lists the po§§ib1e types of internal H-atom abstractions from
the iso-octyl peroxy radicals. The types of alkyl peroxy radicals formed
from iso-octane are denoted in the same manner as the alkyl radicals shown
in Fig. 2. The suffix a, b, ¢, or d indicates the site where molecular
oxygen has added to the alkyl radical. The last column in Table 4 lists
the identity of the O-heterocyclic compounds, Q0, that result from the
decomposition of QOOH and the relative rates at which each of the
0-heterocyclic compounds would be expected to be formed. These rates were
calculated to predict the relative production rates of each type of
oxygenate.

The relative rates of formation of the 0-heterocyc1ic'compounds, Qo,
were estimated as follows. During the oxidation of iso-octane, most of the
parent alkyl radicals are produced from H-atom abstraction from the fuel by
OH. The relative amount of alkyl radical, R, is approximately determined |

by the relative rates of the reactions:
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i-CgH1g + OH = aCgHi7 + H20

i-CgHig + OH = bCgHy7 + H20

1-Cgl1g + OH = cCgH17 + H20

i-Cgliig + OH = dCgHy7 + H20
We employed primary, secondary and tertiary H-atom abstraction rates
estimated from the measurements work of Tully and coworkers [36,37]). The
amount of ROz can be calculated from the equilibrium constant Keq of
R+02=R07

[R02] = Keq[02](R]
where Keq is in concentration units. For the cases in which R is a
primary or secondary iso-octyl radical, we used measured values of Keq
from Slagle et al. [33]. When R is a tertiary radical, we used a
calculated value of Keq from Morgan et al. [35]. We estimated the
relat{ve amounts of ROp at 800 K since this is the approximate
temperature where significant fuel consumption started for n-butane
oxidation under engine conditions [8]. At 800 K, a typical oxygen
concentration under engine conditions is 2.5 x 10-5 moles/cm3. The
normalized amounts of RO> calculated from the above relation are given in
Table 4 under "fraction". We then calculated the rate of production of
each O-heterocycle by obtaining the product of the H-atom isomerization
rate (Table 3), the number of accessible H-atom sites, and the relative

fraction of ROz in Table 4. '

| The calculated rates in Table 4 can be used to predict the predominant
0-heterocyclic compounds for iso-octane oxidation under engine conditions.
The compound predicted to be in the highest concentration, significantly
higher than any of the others 1isted in Table 4, is
2,2,4,4-tetramethyl-hydrofuran. This is also the most prevalent

0-heterocycle measured by Barnard and Harwood [38] in their study of
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iso-octane oxidation at 620 K. This product is a result of the 1,6t
internal H-atom abstraction (Fig. 6, Reaction 7). From Table ‘4, the
0-heterocycles present in the the next highest concentration are the
oxirans, which are about a factor of 10 below
2,2,4,4-tetramethyl-hydrofuran. Barnérd and Harwood did not report the
concentrations of any oxirans, but they claimed they were, at most, minor
products. Following the oxirans, the next highest rates in Table 4 are for
the formation of 2-t-butyl-3-methyl-oxetan and 2,2-dimethyl-3-isopropyl
oxetan. Of the possible Cg O-heterocycles, Barnard and Harwood observed
these two products in the next highest concentration after
2,2,4,4-tetramethyl hydrofuran. Consequently, the method outlined here
gives reasonable estimates for the relative amounts of 0-heterocycles in
iso-octane oxidation.

Another feature of the results in Table 4 is that they predict that
0-heterocycles formed from the dCgHig radical will be present in only
minor concentrations. Similar results have been found for other a1k91
peroxy radicals with the 02 in the tertiary position. Baldwin and
coworkers [31,39] reported analogous trends for the t-CqHgO02 radical
where they observed only smail amounts of oxygenates resulting from
internal H-atom abstractions of this radical. The explanation of the low
yields of O-heterocycles from the t-alkyl peroxy radical (t-R02) is
probably due to its low ceiling temperature. The cei1inq temperature is
defined as the temperature where [R02]/[R] =1 at a given 07
concentration [40]. From the equilibrium constant Keq of the addition
reaction of molecular oxygen to the alkyl radical, the ceiling temperature
occurs when Kegq[02] = 1. At a 0z partial pressure of 0.1 atm, the
ceiling temperature for t-RO2 is about 709 K (see [35]), while that for
primary ROp and secondary ROy is about 847 K (see [33]). Consequently,
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t-ROo falls apart at a significantly Tower temperature than the primary
or secondary ROz, and it is present in much lower concentrations as seen
by fhe relative concentrations in Table 4. This low concentration of
t-R0» radicals leads to low rates of internal H-atom abstractions and
oxygenate production. |

Another important issue concerning internal H-atom abstractions is the
specific fate of the QOOH hydroperoxide. There are two possible paths.

The first path is the decomposition of QOOH. This reaction path gives one
OH radical for each original alkyl radical, R, consumed and does not
provide any radjca1 multiplication which would explain the rapid oxidation
rate of hydrocarbons at low temperatures. The alternative consumption path
for QOOH consumption is further addition of molecular oxygen to QOOH. This
reaction sequence gives three radicé]s for each original alkyl radical
consumed and provides rapid radical production.

The reaction path when 07 adds to QOOH in the case of the aCygHi7
radical is shown in Fig. é. This reaction path 1s analogous with a similar
path suggested by Benson [41] for n-alkanes. The key feature of this
reaction sequence is that three radicals (including two reactive OH
radicals) are produced for each aCigHy7 consumed, providing a
significant amount of radical multiplication. These OH radicals rapidly
react with the fuel to yleld water and a large amount of heat release. The
heat release raises the temperature of the mixture and 1qcreases the-
reaction rate. In summary, the above radical multiplication combined with

heat release causes the oxidation process to proceed more rapidly toward

5uto1gn1t10n;
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Table 3
Rates of Alkyl Peroxy Isomerization Reactions

Type of Reaction Rate log k
H-Transfer log A Ea at 800 K
1,4p 10.98 30.0 2.8
1,5p : 10.61 27.0 3.2
1,6p 10.24 25.1 3.4
1,4s 10.88 26.5 3.6
1,5s 10.79 23.4 4.4
1,6s 11.00 21.5 5.1
1,4t 11.33 23.0 5.0
1,5t 11.00 20.1 5.9
1,6t 11.00 17.9 6.1



type of
alkyl
peroxy
radical

aCgH1702

bCgH1702

cCgl1702

dCgHy 702

frac-
tion

0.44

0.29

0.27

0.0035
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Table 4

Internal H-Atom Abstractions for Iso-Octane

type of
abstrac-
tion

1,5
1,5s
1,6t
1,7p

1,4t
1,5p
1,5s
1,7p

1,4t
1,5p
1,5p

1,4p
1,4s
1,6p

No. of
C-H
sites

total
rate

AN

O U -N- ¥ ] WO N W

1.1x104
5.8x104
1.5x106
2.0x104

1.2x105
5.6x103
5.8x104
2.9x104

1.2x105
1.1x104
1.6x10%

9.5x101
2.0x102
6.3x102

product, Q0

2-2-methylbutyl-1-oxetan
2,2-dimethy1-3-1{sopropy1-oxetan
2,2,4,4-tetramethyl-hydrofuran
2,2,5-trimethyl-tetrahydropyran

2-methy1-2-neopentyl-oxiran
3-neopentyl-oxetan
2-t-butyl-3-methy1-oxetan.
2,2,5-trimethyl-tetrahydropyran

2,2-dimethyl-3-tertbutyl-ox1iran
2-t-butyl-3-methyl-oxetan
2,2-dimethy1-3-1isopropyl-oxetan

2-methy1-2-neopentyl-oxiran
2,2-dimethy1-3-tertbutyl-oxiran
2,2,4,4-tetramethyl-hydrofuran
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EXAMPLES OF MODEL TESTS IN DIFFERENT ENVIRONMENTS

Before a kinetic model can be applied to a practical problem like that
of engihe knock, it must first be validated through a series of numerical
tests against experimental data obtained in somewhat more idealized
conditions. In most cases, any one of these experiments will cover a
rather limited range of operating conditions. However, the given
experiment will generally provide a rather demanding test of the reaction
mechanism under those limited conditions. In order to "pass" the test,
the reaction mechanism must accurately reproduce the observed experimental
results under each of the sets of available conditions. Only when the
reaction mechanism has passed such tests under an entire range of
conditions which spans those of concern in the practical problem can the
mode1 be expected to pravide realistic and reliable predictions for the
practical, applied problem such as the end gas autoignition in an engine
chamber.

In this section, we will very briefly review the types of experime&ta]
studies which provide valuable tests for the reaction mechanisms which are

being developed to study hydrocarbon autoignition.

Shock Tubes

Shock tube experiments are an excellent test of the high temperature
reaction mechanism for hydrocarbon oxidation [13,14]. The nearly
instantaneous attainment of high temperature (i.e. > 1200K) and fairly
high pressure (i.e. > 3 atm) means that the results are completely
independent of the Tlow and intermediate temperature regime reaction
subsets. The most common observable quantity in such experiments is the

ignition delay time; species concentration variations with time and other
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possible diagnostics are rather uncommon in such experiments, so the most
common reaction mechanism test is an integral test of the total ignition
delay period.

In a series of shock tube experiments, Burcat et al. [42] used
mixtures of n-alkanes, oxygen, and argon in proport1ons which were
intended to “simulate fuel-air conditions. The ratio of argon to oxygen
was 5:1 rather than the very high value which 1s typical of many shock
tube experiments. This means that the total heat release and temperature
increase resulting from the ignition will be substantial. In the
experimental paper, the n-alkanes from C; to C5 were considered; the
results were presented in terms of the observed ignition delay time.
Methane was found to be anomalously slow to ignite, while all of the other
n-alkanes were very similar 1n their rate of ignition, with ethane being
sTightly faster to ignite than the C3 - Cg fuels. In an earlier paper
(25], computer modeling results were compared with the experimental
results, with the overall performance of the numerical model being quite
satisfactory. These results are summarized in Figure 7, with the results
for ethane not shown, but with computed results for iso-butane included.
Following the chain branching arguments presented eariier in this paper,
ethane reacts most rapidly because virtually all H abstraction reactions
lead to ethyl radicals and H atoms, which accelerate the rate of
ignition. Propane, n-butane and n-pentane produce a mixpure of methyl
radicals and H atoms, and their ignition delay periods are all very
similar. _

A later study examined the shock tube ignition of mixtures of

n-octane, n-heptane, and iso-octane with oxygen and argon, again with the
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ratio of argon to oxygen equal to 5:1 and the ratio. of fuel to oxygen
equal to the stoichiometric value [24]. Ignition delays were computed at
initial temperatures from 1250 K to 1500 K, with the initial density equal
to a constant value of 3.54 x 103 gm/cm3, as used in previous studies
[24,25,43]. The results for the large hydrocarbon fuels are summarized in
Figure 8, in which some of the smaller n-alkane results are included as
well. It is clear that the ignition delay times for both of the
straight-chain fuels n-octane and n-heptane are shorter than those for the
C; - C5 n-alkanes, and that there is only a very small difference
between n-heptane and n-octane. Furthermore, iso-octane is significantly
slower to ignite than the straight-chain fuels over the entire temperature
-range of interest.

In the high temperature regime, at pressures less than 10 atm (1 MPa),
the kinetic analysis already presented in terms of H atoms, methyl
radicals, intermediate olefins, and their relative rates of production,
provides a rather simple, straightforward, uncomplicated picture of
hydrocarbon fuel dignition. The straight-chain fuels produce relatively
large amounts of H atoms through alkyl fragmentation into ethyl radicals.
These H atoms provide large rates of chain branching and rapid rates of
fuel ignition. In strong contrast, the branched-chain iso-octane results
in very few H atoms and a very low rate of chain branching and a

correspondingly low rate of ignition.



Flow Reactors

The turbulent flow reactor provides an experimental environment which
is complementary to that of the shock tube and very useful for carrying
out development of detailed chemical kinetic models. The temperatures are
considerably lower than those of the shock tube and fall in exactly the
same range (900 - 1200K) in which the reaction mechanism undergoes the
transition from HOp-dominated chain branching to that dominated by the
H+02 = 0+OH reaction. In contrast to the shock tube, initiation
reactions play virtually no part in the flow reactor, but the important
period of fuel consumption and production of stable intermediates is
easily accessible in the flow reactor.

The most prominent experimental program in recent years devoted to
exploring hydrocarbon kinetics in the flow reactor h;s been that at
Princeton University. The experimental facility is described by Dryer and
Glassman [44], although considerable further development of the
experimen@al capabilities has been carried out since the tjme of that
paper. Detailed results from this facility have been used in a large
number of studies in recent years [15-18,23,45] to develop the
understanding of intermediate and high temperature kinetic processes which
control hydrocarbon combustion.

The turbulent flow reactor can study temperatures as low as
approximately 900K. As the temperature is further reduced, the overall
rate of fuel conversion becomes quite small, and the extent of reaction
within the test section of the reactor becomes too low to be able to
detect the changes in composition. It is then necessary to switch to an
experimental configuration which is better suited to following the much

Tonger time scales of the hydrocarbon oxidation process.



Low Temperature Reactors

Three types of experimental facilities are generally most useful to
study oxidation at temperatures between about 500 and 900K. These are the
static reactor, the continuously stirred tank reactor (cstr), and the
rapid compression machine. Historically, the static reactor has been most
prominent for many years, and perhaps thousands of experimental studies in
static reactors have been carried out to provide a wealth of data and
insight into oxidation kinetics. From the point of view of k%netic
mechanism development, these experiments have been essential in terms of
qualititative information; from a quantitative aspect, modeling these
experiments is often difficult because of the influence of the walls, both
due to their kinetic activity and to the fact that heat transfer through
the walls to the outside is difficult to quantify. Recent contributions
to the kinetic mechanism development described in this paper have been
provided by static reactor experiments carried out by Kaiser [46] and Wilk
et al. [47,48].

The cstr is a more recent development, described in detail by
Griffiths [49] and Lignola [50]. This system is a flowing one in which a
reaction chamber has fresh reactants flowing into it, reaction is taking
place in the reactor, and reaction products are flowing out of the
chamber. The contents of the reactor are well stirred, so spatial
homogeneity is maintained in the reactor. As a result, the system
approaches the ideal conditions where there is a single Feaction zone with
steady flow in and out of that zone. Such a system is quite simple to
simulate numerically, and an important advantage of both the model and the
experiment is that more complex classes of behavior can be studied than
those accessible in the static reactor (e.g. [51]), including periodic

cool flames, periodic ignition, and a wealth of other periodic behavior.
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The rapid compression machine has been valuable for reaction kinetics
development in several ways. A vast number of these experiments were used
to develop and test the Shell Model [1-5] discussed above. These
experiments have been used extensively by Griffiths et al. (e.g. [52,53])
to study hydrocarbon fuel oxidation, especially in the negative
temperature coefficient region, kinetic information which is essential in
developing kinetic models for the lower temperature regime. A further
advantage of the rapid compression machine data is that, in addition to
the temperature range of the experiments, the pressures attained are
significantly higher than those commonly found in static reactors and the
cstr and therefore much closer to those encountered in knocking engines.
Experimental data from the rﬁpid compression machine will play an

increasingly important role in future mechanism development.



Knocking Engine

Experimental and modeling investigations into actual engines allow one
to address the entire temperature history of the end-gas from 400 K to
burnt gas temperatures. Both temperature and species concentration
histories of the end gas can be measured. Green and coworkers [7-9] have
experimentally investigated engine knock in the Sandia optical research
engine, measuring autoignition times of hydrocarbon-air mixtures,
primarily with n-butane and iso-butane as fuels. In addition, gas
sampling techniques were used to determine species concentration histories
in the end gas.

We have numerically simulated the series of engine cycles that were
experimentally investigated by Green and coworkers. The model assumed
that the only way in which the end gas interacted with the remainder of
the combustion chamber is through the compressional work done on the end
gases by the moving piston and, when spark ignition occurs, by the flame
front. Transport processes in the end gases were neglected.

The calculations were begun at a time of 120° before TDC, the time at
which the first temperature and experimental pressure measurements were
available, It is unlikely that a significant amount of reaction occured
prior to this time in the experiment because of the low temperature (less
than 550 K). The initial composition of the end gases consisted of a
stoichiometric mixture of fuel and air.

Throughout the computations, the measured end-gas pressure history is
followed. However, the end-gas temperature history determined using the
thermodynamic analysis is imposed only until the calculation indicates

that heat release due to chemical reaction in the end gas has become
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significant. The end-gas temperature is then computed directly by the
kinetics model, thus including the effects of heat release in the end
gas. The advantage of this approach is that it allows us to include as
much engine operating data as possible in the model. Processes such as
flame propagation in the other parts of the engine chamber, piston motion,
and heat transfer to the engine walls can be incorporated. 0On the other
hand, 1f significant heat release occurs due to reactions not included in
the kinetic model, then this heat release is unaccounted for in the
numerical simulation. The observation that the kinetic model nearly
reproduces the measured species concentrations provides some evidence that
we have included all the important reactions paths.

The autoignition times predicted by the model are compared to the
measured times of Green and coworkers in Table 5. Results are given for
both for iso-butane and n-butane and for a range of engine speeds and
intake manifold temperatures. The predicted times closely match the
measured times, except for the lowest engine speed.

Again referring to Fig. 1, the agreement between computed and
experimentally observed times of autoignition at nearly all engine speeds
indicates that the heat release is computed adequately over the entire
range of temperatures experienced by the end gas. The disagreement at the
Towest engine speeds, where the time spent in the lowest temperature range
is proportionally the greatest, indicates that the 1ow-tgmperature heat
release mechanisms are not yet sufficiently well treated by the model and
must be improved. Work in this area is continuing.

In an earlier discussion, the point was made, based on previous
modeling studies [6], that the addition of tetraethyl lead inhibits the
chain reaction in the 800-1000K temperature range by removing HO2 and
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Ho0, from the reaction pool. Therefore the end gases must achieve a
higher temperature before the chain reaction can proceed to autoignition.
Schematically, this is illustrated in Fig. 1, showing how autoignition of
the more reactive case given by the dashed curve can be retarded until a
higher temperature T2 is reached. If; during the time interval between
the arrival of this curve at Ti1 and T2 is sufficient for the flame to
consume the remaining end gas, then this inhibition of the
intermediate-to-high temperature ignition can be said to have accomplished

an antiknock function.

SUMMARY

We can use Fig. 1 to provide an overview of the material presented
above on the chemical kinetic factors affecting engjne knock and
autoignition. The primary point is that the reaction history in general,
and the heat release rates in particular, must be followed for the end gas
in an engine combustion hhamber over the entire range of temperatures
encountered. Even though the rates of reaction and heat release are
relatively low at temperatures below about 700K, they can still influence
the iime at which autoignition occurs. This is possible because the end
gas temperature at which autoignition is observed is a weak function of
engine operating conditions. Fuels which have more heat release at lower
temperatures (i.e. the dashed curve in Fig. 1) but have roughly the same
autoignition temperature as fuels which do not release s%gnificant amounts
of heat at Tlower temperatures (the solid curve in Fig. 1) will reach this

ignition temperature at significantly earlier times and will therefore be

more likely to knock.
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The tendency to knock can be modified by changes in the value of the
ignition temperature as well as by changes in the amount of low
temperature heat release. We have seen how the addition of TEL
effectively raises the ignition temperature, thereby increasing the knock
rating of the fuel-additive mixture. Knock ratings of fuels with
significantly different autoignition temperatures will similarly be
different, and this will affect the knock ratings of blends of fuels.

Therefore, the tendency of a given fuel to knock can be influenced
both by its degree of low temperature heat release (its cool flame
activity) and by the value of its ignition temperature. Thus iso-octane
has a much higher octane number than n-heptane because its cool flame
activity is much lower and because its high temperature ignition
temperature is somewhat higher. The knock tendency of a given fuel can
therefore be altered by changing either the low temperature heat release
or the ignition temperature, or by changing both parameters, through the
use of blending fuels or by using additives.

We have shown how all these processes are kinetically controlled to a
considerable extent. It is not possible to provide a truly predictive
numerical model of the end gas chemistry and engine knock for arbitrary
fuels, additives, fuel mixtures, and generalized engine operating
conditions without including in detail the chemical kinetic processes
which are controlling the observed behaviof. Although considerable
progress has been made in this area, as illustrated in thé earlier
sections of this paper, this work is only beginning, and a great deal of

further model and kinetic mechanism development remains to be done.
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Table 5

Predicted and Measured Autoignition Times

Fuel RPM Manifold Tmeasured Tpred'icted
Tgmp
[°c] [ms] [ms]
iso-butane:
300 219 -1.27 0.17
600 217 1.70 1.61
900 219 1.89 1.78
600 194 1.78 1.76
600 170 1.95 . 1.98
600 157 2.23 2.23
n-butane:
300 162 1.3 1.57

600 155 2.8 2.85
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: Figure 2, Schematic diagram of n-octane and iso-octane. Numbers in the
n-octane and lower case letters in the iso-octane denote logically distinct H atoms
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Figure 5. Schematic diagram for neopentane and 2-2 dimethyl butane
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Figure 7. Experimental shock tube ignition delay time measurements [‘li]
(indicated by symbols) and predicted model results for methane, propane,
n-butane, and n-pentane. Also shown are computed predictions for iso-butane
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Figure 8. Computed ignition delay times for n-octane, n-heptane, and
iso-octane, shown as solid lines, together with some of the experimental
and model results from Figure 7 for comparison.



